Abstract Titan's polar surface is dotted with hundreds of lacustrine depressions. Based on the hypothesis that they are karstic in origin, we aim at determining the efficiency of surface dissolution as a landshaping process on Titan, in a comparative planetology perspective with the Earth as reference. Our approach is based on the calculation of solutional denudation rates and allow inference of formation timescales for topographic depressions developed by chemical erosion on both planetary bodies. The model depends on the solubility of solids in liquids, the density of solids and liquids, and the average annual net rainfall rates. We compute and compare the denudation rates of pure solid organics in liquid hydrocarbons and of minerals in liquid water over Titan and Earth timescales. We then investigate the denudation rates of a superficial organic layer in liquid methane over one Titan year. At this timescale, such a layer on Titan would behave like salts or carbonates on Earth depending on its composition, which means that dissolution processes would likely occur, but would be 30 times slower on Titan compared to the Earth due to the seasonality of precipitation. Assuming an average depth of 100 m for Titan's lacustrine depressions, these could have developed in a few tens of millions of years at polar latitudes higher than 70 • N and S, and a few hundreds of million years at lower polar latitudes. The ages determined are consistent with the youth of the surface (< 1 Gyr) and the repartition of dissolution-related landforms on Titan.
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Introduction
Along with the Earth, Saturn's icy moon Titan is the only planetary body of the entire Solar System that possesses lakes and seas Stofan et al., 2007; Hayes et al., 2008) . Some of these lakes and seas are currently covered by liquids, while others are not . Most are located in the polar regions Aharonson et al., 2009) , although a few occurrences have been reported at lower latitudes (Moore and Howard , 2010; Vixie et al., 2012) . The currently-filled lakes and seas are located poleward of 70 • of latitude in both hemispheres whereas most empty depressions are located at lower latitudes ( Figure 1 ) Aharonson et al., 2009) .
Altogether, empty depressions, lakes, seas and fluvial channels, argue for the presence of an active "hydrological" cycle on Titan similar to that of the Earth, with exchanges between the subsurface (ground liquids), the surface (lakes, seas, fluvial channels) and Titan's methane-rich atmosphere, where convective clouds and sporadic intense rainstorms have been imaged by the Cassini spacecraft instruments (Turtle et al., 2011a) . Methane, rather than water as on Earth, probably dominates the cycle on Titan and thus constitutes one of the main components of the surface liquid bodies observed in the polar regions (Glein and Shock , 2013; Tan et al., 2013) . Ethane, the main photodissociation product of methane (Atreya, 2007) , is also implied in Titan's lakes chemistry, as predicted by several thermodynamical models (Lunine et al., 1983; Raulin, 1987; Dubouloz et al., 1989; Cordier et al., 2009; Tan et al., 2013; Cordier et al., 2013a; Glein and Shock , 2013) , or as identified in Ontario Lacus thanks to the Cassini/VIMS instrument (Brown et al., 2008) .
Titan's lakes are located in topographic depressions carved into the ground by geological processes that are poorly understood to date. The origin of the liquid would be related to precipitation, surface runoff and underground circulation, leading to the accumulation of liquids in local topographic depressions.
In the present work, we aim to constrain the origin and the age of these depressions. Section 2 first provides a brief overview of their geology and a discussion of their possible origin based on their morphological characteristics and from considerations about Titan's surface composition and climate. Based on this discussion, we propose a new quantitative model, whereby the depressions have formed by the dissolution of a surface geological layer over geological timescales, such as in karstic landscapes on Earth.
In terrestrial karstic landscapes, the maximum quantity of mineral that can be dissolved per year, namely the solutional denudation rate, can be computed using a simple thermodynamics-climatic model presented in Section 3. The denudation rate depends on the nature of the surface material (solubility and density of the minerals) and on the climate conditions (precipitation, evaporation, surface temperature). Using this simple model, it is possible to determine theoretical timescales for the formation of specific karstic landforms on Earth, which are compared to relative or absolute age determinations in Section 4.
We apply the same model to Titan's surface in Section 5. Section 5.1 is dedicated to the comparative study of denudation rates of pure solid organics in pure liquid methane, ethane and propane, and of common soluble minerals (halite, gypsum, anhydrite, calcite and dolomite), cornerstones of karstic landscapes development on Earth, in liquid water over terrestrial timescales. Section 5.2 describes the computation of denudation rates of pure solids and of mixed organic surface layers in liquid methane over Titan timescales by using the methane precipitation rates extracted from the GCM of Schneider et al. (2012) . Based on these denudation rates, we compute the timescales needed to develop the typical 100 m-deep topographic depressions observed in the polar regions of Titan (Section 6) and compare them to timescales estimated from other observations (e.g. crater counting, dune formation).
2 Geology of Titan's lacustrine depressions
Geomorphological settings
Seas and lacustrine depressions strongly differ in shape (Figure 2 ). On one hand, seas are large (several hundred km in width) and deep (from 150 to 300 -400 m in depth) Mastrogiuseppe et al., 2014) . They possess dendritic contours and are connected to fluvial channels (e.g. Ligeia Mare, Figure 2a ) Sotin et al., 2012; Wasiak et al., 2013) . They seem to develop in areas associated with reliefs, which constitute some parts of their coastlines.
On the other hand, Titan's lacustrine depressions ( Figure 2b ) develop in relatively flat areas. They lie between 300 and 800 meters above the level of the northern seas (Stiles et al., 2009; Kirk et al., 2012) . They are typically rounded or lobate in shape and some of them seem to be interconnected (Bourgeois et al., 2008) . Their widths vary from a few tens of km, such as for most of Titan's lacunae, up to a few hundred km, such as Ontario Lacus or Jingpo Lacus. Their depths have been tentatively estimated to range from a few meters to 100 -300 meters Kirk and Howington-Kraus, 2008; Stiles et al., 2009; Lorenz et al., 2013) , with "steep"-sided walls Bourgeois et al., 2008; Kirk and Howington-Kraus, 2008; Hayes et al., 2008) . The liquidcovered depressions would lie 250 meters below the floor of the empty depressions , which could be indicative of the presence of an alkanofer in the sub-surface, analog to terrestrial aquifers, filling or not the depressions depending on their base level Cornet et al., 2012) . The depressions sometimes possess a raised rim, ranging from a few hundred meters up to 600 meters in height Kirk and Howington-Kraus, 2008) . All these numbers are likely subject to modification following future improvements in depth-deriving techniques.
Geological origin of the depressions
The geological origin of the topographic depressions and how they are fed by liquids are still debated. The geometric analysis of the lakes by Byrne (2010, 2011) led to the conclusion that, unlike on Earth, the formation mechanism of the lacustrine depressions cannot be derived from the analysis of their coastline shapes. Recently, Black et al. (2012) and Tewelde et al. (2013) showed that mechanical erosion due to fluvial activity would have a minor influence in landscape evolution on Titan. Given this context, several hypotheses are being explored to understand how Titan's lakes have formed. These include:
1. cryovolcanic origin Wood et al., 2007) , forming topographic depressions in which lakes can exist, such as in terrestrial calderas (Acocella, 2007) or maars (Lorenz , 1986) ; 2. thermokarstic origin Mitchell et al., 2007; Harrisson, 2012) , where the cyclic destabilization of a methane frozen ground would form topographic depressions, such as in periglacial areas on Earth where the permafrost cyclically freezes and thaws and forms thermokarst lakes, pingos or alases (French, 2007) ; 3. solutional origin Bourgeois et al., 2008; Mitchell , 2008; Mitchell and Malaska, 2011; Malaska et al., 2011; Barnes et al., 2011; Cornet et al., 2012) , where processes analogous to terrestrial karstic dissolution create topographic depressions, such as terrestrial sinkholes/dolines, playas and pans under various climates (Shaw and Thomas, 2000; Ford and Williams, 2007) .
On one hand, the general lack of unequivocal cryovolcanic features on Titan tends to limit the likelihood of the cryovolcanic hypothesis (Moore and Pappalardo, 2011) . A methane-based permafrost would be difficult to form on Titan due to the presence of nitrogen in the atmosphere (Lorenz and Lunine, 2002; Heintz and Bich, 2009) . Its putative cyclic destabilization would also be challenging, given the tiny temperature variations between summer and winter, day and night, equator and poles (Jennings et al., 2009; Lora et al., 2011; Cottini et al., 2012) over all timescales (Aharonson et al., 2009; Lora et al., 2011) . On the other hand, solid organics have been shown to be quite soluble in liquid hydrocabons under Titan's surface conditions (Lunine et al., 1983; Raulin, 1987; Dubouloz et al., 1989; Cordier et al., 2009 Cordier et al., , 2013a Glein and Shock , 2013; Tan et al., 2013) , provided that they are available at the surface. The observation of bright terrain around present lakes and inside of empty depressions, analogues of terrestrial evaporites produced by the evaporitic crystallization of dissolved solids, also strengthens this hypothesis MacKenzie et al., 2014) .
On Earth, dissolution-related landforms are not restricted to sinkholes/dolines, pans or playa, which characterize relatively young karsts (Ford and Williams, 2007) . Spectacular instances of reliefs nibbled by dissolution, known as cone/cockpit karsts, fluvio karsts or tower karsts, exist under temperate to tropical/equatorial climates, such as in China (Xuewen and Weihai , 2006; Waltham, 2008) , Indonesia (Ford and Williams, 2007) or the Carribeans Lyew-Ayee, 2010) . The observation of possible mature karst-like terrains in Sikun Labyrinthus (Figure 2c) by Malaska et al. (2010) , similar to these terrestrial karstic landforms also gives further credence to the hypothesis that lacustrine depressions on Titan are karstic in origin.
Composition of Titan's solid surface
Titan's surface can be divided into five main spectral units identified by the Cassini/VIMS instrument: bright terrain, dark equatorial dune fields or dark-brown units, blue units, 5 µm-bright units and the dark lakes (Barnes et al., 2007; Stephan et al., 2009) . In the polar regions, the solid surface appears dominantly as bright terrain, lakes, and patches identified as the 5 µm-bright unit in VIMS data Sotin et al., 2012; MacKenzie et al., 2014) . The spectral characteristics of the VIMS 5 µm-bright unit seen inside and around some polar (and equatorial) lacustrine depressions indicate the presence of various hydrocarbons and nitriles (Clark et al., 2010; Moriconi et al., 2010) and are not compatible with the presence of water ice .
The origin of the organic materials is probably linked to the atmospheric photochemistry, which results in the formation of various hydrocarbons and nitriles (Lavvas et al., 2008a,b; Krasnopolsky, 2009) detected by Cassini (Cui et al., 2009; Magee et al., 2009; Clark et al., 2010; Coustenis et al., 2010; Vinatier et al., 2010; Cottini et al., 2012) . Table  1 gives the estimated fluxes of some produced organics, as derived from several models. Most of these compounds could condense as solids and sediment onto the surface over geological timescales (Atreya, 2007; Malaska et al., 2011) . Most of them would be relatively soluble in liquid alkanes (Raulin, 1987; Dubouloz et al., 1989; Cordier et al., 2009 Cordier et al., , 2013a Glein and Shock , 2013; Tan et al., 2013) .
It is therefore reasonable to assume that a superficial soluble layer, composed of organic products, exists at the surface of Titan. Episodic dissolution of this layer would be responsible for the development of karst-like depressions and labyrinthic terrains (Bourgeois et al., 2008; Malaska et al., 2010 Malaska et al., , 2011 Mitchell and Malaska, 2011; Cornet et al., 2012) . Evaporitic crystallization could also occur after episodes of dissolution in the liquids, forming evaporite-like deposits Cornet et al., 2012; Cordier et al., 2013b; MacKenzie et al., 2014) .
Solutional denudation rates on Earth
On Earth, karstic landforms develop thanks to the dissolution of carbonate (calcite, dolomite) and evaporite (gypsum, anhydrite, halite) minerals under the action of groundwater and rainfall percolating through pore space and fractures present in rocks. The mineral solubilities vary as a function of the environmental conditions (amount of rain and partial pressure of carbon dioxide) (Ford and Williams, 2007) . Karstic landforms like dolines or sinkholes are often located under temperate to humid climates in carbonates (though gypsum or halite karsts also exist on Earth). They reach depths of up to a few hundred meters (Ford and Williams, 2007) . Karsto-evaporitic landforms like pans are located under semi-arid to arid climates. They reach depths of up to a few tens of meters (Goudie and Wells, 1995; Bowen and Johnson, 2012) . Evaporitic landforms like playas are located under arid climates. They are characterized by their extreme flatness and can occur in any kind of topographic depression (Shaw and Thomas, 2000) .
Denudation rates (hereafter DR) in terrestrial karstic landscapes are primarily constrained by geological (age and physico-chemical nature of rocks) and climate (net precipitation rates evolution) analyses. For many limestone-dominated areas (the majority of karst areas), it is commonly assumed that dissolution features are mainly created in the epikarstic zone located in the top few meters below the surface (White, 1984; Ford and Williams, 2007) . Classically, in karstic terrains, the chemical/solutional denudation rate DR (in meters per Earth year, or m/Eyr) is related to the rock physico-chemical properties and the climate by the following equation (White, 1984; Tucker et al., 2001; Ford and Williams, 2007; Fleurant et al., 2008) :
where ρ w is the mass density of liquid water ( 1000 kg/m 3 ), M calcite is the molar mass of calcite (in kg/mol), ρ calcite is the mass density of calcite (in kg/m 3 ), τ is the mean annual net precipitation rate (in m/yr), equivalent to the sum of runoff and infiltration or the difference between precipitation and evapotranspiration over long timescales (White, 2012) , and m Ca is the equilibrium molality of calcite (Ca 2+ cations, in mol/kg), assuming an instantaneous dissolution. Following this equation, denudation rates depend linearly on the climate precipitation regime and on the molality of dissolved materials.
Molality calculations are provided in Appendix B for various soluble minerals, based on two thermodynamic hypotheses: an Ideal Solution Theory (IST, no preferential interactions between molecules) and an Electrolyte Solution Theory (EST, preferential interactions between molecules). We incorporated the effect of CO 2 gas dissolved in water, which acidifies water due to a series of intermediate reactions (one of which producing carbonic acid), and increases the dissolution rates of carbonates (calcite and dolomite, see Appendix B for more details). The partial pressure of CO 2 (hereafter P CO 2 , in atm) under different climates can be computed as follows (Ford and Williams, 2007) :
where AET is the mean annual evapotranspiration rate in mm/Eyr. Applying the above formula gives P CO 2 < 3 matm for arid areas, 3 < P CO 2 < 12 matm for temperate areas and P CO 2 > 12 matm for tropical or equatorial climates. The resulting typical values of denudation rates on Earth for common soluble minerals in liquid water are given in Table 2 . Depending on the climatic conditions, denudation rates of salts are on the order of a few hundred µm to a few cm per Earth year, whereas denudation rates of carbonates are on the order of a few µm to a few hundred µm per Earth year. Note that chemical erosion is just one of the landshaping processes on Earth. Other mechanisms, such as mechanical erosion, would tend to increase the total denudation rate of a surface . The dissolved solids can take part in the crystallization of soluble deposits at the surface (e.g. calcretes or salt crusts in arid environments) or in the subsurface (e.g. cements), when they saturate the liquids. They do not necessarily crystallize at the location where they dissolved (Ford and Williams, 2007) .
Denudation rates to determine ages of terrestrial karstic landscapes
Using the denudation rates, theoretical timescales for the development of dissolution landforms of a given depth can be inferred. We test hereafter this hypothesis on terrestrial instances by comparing ages determined from the denudation rates and ages determined from relative or absolute chronology. For carbonates, the partial pressure of CO 2 is computed based on the MOD16 Global Evapotranspiration Product of the University of Montana/ESRI Mapping Center. The notation GEyrs, MEyrs and kEyrs will refer to timescales expressed respectively in Giga Earth years (10 9 years), Million Earth years (10 6 years) and kilo Earth years (10 3 years) in the following sections.
Example under a hyper-arid climate: the caves of the Mount Sedom diapir (Israel)
Mount Sedom is a 11 × 1.5 km salt diapir located in Israel, 250 meters above the level of the Dead sea, under a hyper-arid climate (Frumkin, 1994 (Frumkin, , 1996 . It is composed of a Pliocene-Pleistocene (< 7 MEyrs) halite basis covered by a 5 -50 m-thick layer composed of anhydrite and sandstones. Several sinkholes and caves exist in Mount Sedom (Frumkin, 1994) . In this part of Israel, the present-day hyper-arid climate leads to average rainfall rates of 50 mm/Eyr, of which 10 -15 mm/Eyr constitutes the average effective rainfall rate (τ ). Gvishim and Mishquafaim Caves are respectively 60 m and 20 m-deep caves and are essentially carved into halite in the northern part of Mount Sedom. Radioisotopic age measurements in several caves of Mount Sedom give an Holocene age, about 8 kEyrs (and around 3.2 -3.4 kEyrs from age measurements performed in Mishquafaim Cave) (Frumkin, 1996) .
Assuming that underground dissolution is somewhat connected to the rainfall percolating through anhydrite and reaching halite, the denudation rates computed with our model (Equation 1) over this region are DR 1.69 − 2.53 mm/Eyr. The timescales required to form these caves would be between 23.7 and 35.5 kEyrs for Gvishim Cave, and between 7.9 and 11.8 kEyrs for Mishquafaim Cave, longer than those estimated from radioisotopic measurements.
However, it should be noted that Mount Sedom experiences a rather deep dissolution, the load of dissolved solids in the underground liquid water flowing in its caves being up to 3 times that of surface runoff (Frumkin, 1994) . Therefore, considering that the denudation rate should be 3 times greater, we find timescales of development between 7.9 and 11.8 kEyrs for Gvishim Cave and between 2.6 and 3.9 kEyrs for Mishquafaim Cave, in better agreement with age measurements.
4.2 Example under a semi-arid climate: The Etosha super-pan (Namibia)
The Etosha Pan, located in Namibia under a semi-arid climate, is a flat 120×60 km karstoevaporitic depression that has already been suggested as a potential analogue for Titan's lacustrine depressions (Bourgeois et al., 2008; Cornet et al., 2012) . The depression is about 15 to 20 m-deep at most, and has been carved into the carbonate layer essentially composed of calcretes and dolocretes lying ontop a middle Tertiary-Quaternary detritical sedimentary sequence that covers the Owambo basin (Buch and Rose, 1996; Hipondoka, 2005) . This sedimentary sequence is believed to have accumulated under a semi-arid climate, relatively similar to the current one. The age of the calcrete layer is not known precisely, but its formation is believed to have started during the Miocene/Pliocene transition about 7 MEyrs ago (Buch, 1997; Buch and Trippner , 1997) , or even later during the late Pliocene, 4 MEyrs ago (Miller et al., 2010) . The Etosha Pan is believed to have developed at the expense of the calcrete layer since 2 MEyrs (Miller et al., 2010) .
In the Owambo sedimentary basin, AET 350 mm/Eyr, yielding P CO 2 = 3 matm. Precipitation rates during the summer rainy season reach up to 500 mm/Eyr, which leads to τ = 150 mm/Eyr at most. These conditions lead to DR = 6.5 µm/Eyr in a substratum composed of calcite (calcrete) and DR = 5.6 µm/Eyr in a substratum composed of dolomite (dolocrete). These denudation rates give an approximate age for the Etosha Pan of about 2.31 -3.08 MEyrs in calcretes and 2.68 to 3.57 MEyrs in dolocretes. These ages are consistent with ages estimated from geological observations (< 4 MEyrs).
Example under a temperate climate: the doline of Crveno Jezero (Croatia)
Crveno Jezero is a 350 m-wide collapse doline located in the Dinaric Karst of Croatia, under a presently mediterranean temperate climate. This part of the Dinaric Karst is essentially composed of limestones and dolomites that have been deposited during the Mesozoic (Triassic to Cretaceous), when the area was covered by shallow marine carbonate shelves (Vlahovic et al., 2002; Mihevc et al., 2010) . The cliffs forming the doline are up to 250 m in height. The bottom of the depression is covered by a lake, named Red Lake, about 250 m-deep. The total depth of the doline is therefore about 500 m (Garasic, 2001; Garasic, 2012) . Although the formation process of the collapse dolines in the area is still not completely understood, especially in terms of the relative importance and timing of the collapse compared to the dissolution in the development of the structure, the uplift linked to the formation of the Alps (Eocene-Oligocene) led to the exposure of these carbonates and their subsequent karstification since at least Oligo-Miocene times (last 30 MEyrs) (Sket, 2012) . At some point, dissolution occurred to form an underground cave; then the load of the capping rocks exceeded their cohesion, leading to the brutal or progressive collapse of the cap in the empty space beneath. The timescale calculated for the doline formation therefore constitutes a higher estimate. Age determinations in the northern Dinaric caves have been performed and show that karstification would be older than 4 to 5 MEyrs (Zupan Hajna, 2012) . Crveno Jezero thus developed between 4 and 30 MEyrs ago.
In this region of Croatia, AET 500 mm/Eyr, which leads to P CO 2 = 5.44 matm. Annual mean precipitation rates are about 1100 mm/Eyr (Mihevc et al., 2010) , leading to τ = 600 mm/Eyr. These parameters give DR = 31.8 µm/Eyr in limestones dominated by calcite (DR = 27.5 µm/Eyr in limestones dominated by dolomite). The time required to dissolve 500 m of calcite under these present conditions would be around 15.7 MEyrs (18.2 MEyrs in dolomite). It is likely that cap rocks fell into the cave, leading to a younger age (1 m of calcite and dolomite dissolve in about 31 and 36 kEyrs respectively). However, the age determined by our method is still consistent with the geological records.
Example under a tropical climate: the Xiaozhai tiankeng (China)
The Xiaozhai tiankeng is a 600 m-wide collapse doline located in the Chongqing province of China, under a tropical climate. The depth of this doline is evaluated between 511 and 662 m depending on the location (Xuewen and Weihai , 2006; Ford and Williams, 2007) . It is organized into two major collapse structures, an upper 320 m-deep structure and a lower 342 m-deep shaft. The tiankeng developed into Triassic limestones in a karst drainage basin. It results from various surface and subsurface processes such as dissolution, fluid flows and collapse. Tiankengs of China would have formed during the late Pleistocene (last 128,000 Eyrs) (Xuewen and Weihai , 2006) under an equatorial monsoonal climate similar to nowadays, emplaced 14 MEyrs ago (Wang and Li , 2009 ).
In the area, annual precipitation rates are about 1500 mm/Eyr, for an annual evapotranspiration rate of about 800 mm/Eyr, which leads to P CO 2 = 0.0123 atm and τ = 700 mm/Eyr. Under these conditions, DR = 49.6 µm/Eyr (calcite) or DR = 42.6 µm/Eyr (dolomite) and the timescale to form the Xiaozhai tiankeng would be between 10.3 and 13.3 MEyrs (calcite) and 12.0 and 15.5 MEyrs (dolomite), considerably longer timescales than those estimated from geological records. However, such a difference is to be expected, since the formation of gigantic tiankengs are subject to complex interconnected surface processes not taken into account in these simple calculations (collapse and underground circulation of water). This illustrates the limits of our method, generally over-estimating the ages of karstic features when they do not result from dissolution only.
Denudation rates on Titan
Equation 1 has to be adapted for Titan. From thermodynamics, we compute molar volumes (V m,i in m 3 /mol, see Appendix C) and mole fractions at saturation (X i,sat , see Appendix B) instead of mass densities and molalities. We considered the Ideal and the non-ideal Regular Solutions Theories (IST and RST respectively) and ensured that our results are consistent with experimentally determined solubilities. The RST has been developed to determine the solubility of non-polar to slightly polar molecules, such as simple hydrocarbons or carbon dioxide, in non-polar solvents. It is less likely to be appropriate for polar molecules such as nitriles/tholins and water ice. We therefore always provide a comparison between the IST and the RST in order to assess the uncertainty of the calculation by using the RST for polar molecules (see also Appendix B). However, we consider the RST, which provides our lowest and more realistic solubilities (at least for hydrocarbons), as the most suited model for the study. We assume that dissolution is instantaneous, which is not unreasonable given the rapid saturation of solid hydrocar-bons in liquid ethane inferred from recent dissolution experiments (Malaska and Hodyss, 2014) , compared to the long geological timescales considered in our work. For a binary solute-solvent system, Equation 1 becomes:
where V S m,i and V L m,solv are the molar volumes of the solid (crystallized) phase and of the liquid phase respectively.
Comparison between Titan and the Earth over terrestrial timescales
In order to compare the behavior of Titan's solids in Titan's liquids with that of minerals in liquid water on Earth, we computed Titan's and Earth's denudation rates over Earth timescales by varying the precipitation rate between 0 and 2 m/Eyr. This range of precipitation rates encompasses the expected range on Titan (up to 1.2 -1.3 m/Eyr during the rainy season (Schneider et al., 2012) ). It also covers the precipitation range between arid and tropical climates on Earth. This comparison is illustrated in Figures 3 (for hydrocarbons and carbon dioxide ice) and 4 (for nitriles and water ice), for which we fixed Titan's temperature to 91.5 K (the surface temperature during the rainy season according to Schneider et al. (2012) ) and Earth's temperature to 298.15 K (with a partial pressure of carbon dioxide equal to 0.33 matm).
All organic compounds except C 11 H 11 N would behave like common mineral salts (halite, gypsum or anhydrite) according to the IST, which means that they would experience dissolution rates in the range of hundred µm to a few cm over one Eyr. According to the RST and assuming that the liquid is methane, C 2 H 4 would behave like halite (cm-scale dissolution), C 4 H 10 and C 4 H 4 like gypsum (hundred µm to mm-scale dissolution), C 2 H 2 , C 3 H 4 , C 4 H 6 and CO 2 like carbonates (up to hundred µm-scale dissolution). C 6 H 6 and nitriles would be less soluble in methane than calcite is in pure liquid water, with the least soluble nitriles being C 11 H 11 N, HCN and CH 3 CN. As expected, water ice is completely insoluble according to the RST, developed for non-polar molecules.
The denudation rates of all organic compounds are higher in ethane and propane than in methane. Nitriles and C 6 H 6 , which are poorly soluble in methane, are quite soluble in ethane and propane (except C 11 H 11 N, HCN and CH 3 CN still under the calcite level) and reach denudation rates similar to those of carbonates or even gypsum. C 2 H 2 and C 3 H 4 would behave like carbonates (in ethane) or gypsum (in propane). C 4 H 4 and C 4 H 6 behave like salts in those liquids and are even more soluble than gypsum. C 4 H 10 and C 2 H 4 are halite-like materials, extremely soluble in ethane and propane. Therefore, the likelihood of developing dissolution landforms in a hydrocarbon dominated substrate, by analogy with the Earth, is high.
Present denudation rates on Titan over a Titan year

Net precipitation rates on Titan
Computing denudation rates over Titan timescales requires us to define the evolution of the net precipitation over one Titan year (1 Tyr 29.5 Earth years). Titan's climate is primarily defined by a rainy warm "summer" season and a cold dry "winter" season, both spanning about 10 Earth years. Southern summers are shorter and more intense than those in the north (Aharonson et al., 2009) . Precipitation occurs as sporadic and intense rainstorms during summer, when cloud formation is observed (Roe et al., 2002; Schaller et al., 2006 Schaller et al., , 2009 Rodriguez et al., 2009 Rodriguez et al., , 2011 Turtle et al., 2011a,b) .
A few Global Circulation Models (GCM) attempt to describe, at least qualitatively, the methane cycle on Titan (e.g. Rannou et al. (2006) , Mitchell (2008) , Tokano (2009) and Schneider et al. (2012) ). Usually, net accumulation of rain is predicted at high latitudes > 60 • during summer, in agreement with the presence of lakes, whereas mid-to-low latitudes experience net evaporation, in agreement with the absence of lakes and the presence of deserts. Quantitatively, the model predictions are subject to debate since they depend on their physics (e.g. cloud microphysics, size of the methane reservoir, radiative transfer scheme). Still, they remain our best estimates about Titan's climate.
During the summer season, the model of (2009) also predicts similar precipitation rates (800 to 1600 kg/m 2 in half a Titan year, equivalent to precipitations between 3 and 6 mm/Eday).
Here, we use the methane net precipitation rates extracted from the GCM of Schneider et al. (2012) to compute the present-day denudation rate on Titan. Figure 5 represents the mean net precipitation rates at various polar latitudes. High latitudes > 80 • would be quite humid (τ = 7 − 8 m/Tyr). Lower latitudes would be less humid (τ = 3 − 3.6 m/Tyr at 70 • , decreasing to τ = 0.4 − 1.6 m/Tyr at 60 • ). Southern low latitudes would be much drier than northern latitudes over a Titan year as a result of sparser but more intense rainstorms. Figure 6 illustrates the denudation rates of a surface composed of pure organic compounds exposed to methane rains at several southern and northern polar latitudes according to the IST and RST hypotheses. Ethane and propane are not shown since the model of Schneider et al. (2012) only considers methane, but the behavior of Titan's solids in these liquids is already discussed in Section 5.1.
Case of pure compounds
Over one Titan year, the denudation rates are the highest at high latitudes and the lowest at low southern latitudes. According to the IST, all compounds would experience dissolution on the order of a few mm to a few meters at almost all latitudes (salt-like material), except C 11 H 11 N, the denudation rate of which would be a few hundred nm. The dissolution of C 2 H 8 N 2 , CO 2 , HCN and C 6 H 6 at 60 • S however would be on the order of several hundred µm (carbonate-like material).
According to the RST, C 2 H 4 and C 4 H 10 denudation rates are between a few mm up to a few meters per Titan year (salt-like materials). The dissolution of C 4 H 4 , C 4 H 6 , C 2 H 2 , CO 2 , C 3 H 4 is µm to hundred µm-scale over a Titan year (carbonate-like materials). The denudation rates of nitriles and C 6 H 6 are between 10 −7 − 10 −10 mm/Tyr (for HCN, CH 3 CN, C 11 H 11 N) and a few µm/Tyr (carbonate to siliceous-like materials).
At high latitudes > 70 • , we do not see much differences between the northern and the southern denudation rates, as expected from the similarities in precipitation rate between the two poles shown in Figure 5 . At low southern latitudes, net precipitation rates are too low over one Titan year to allow a rapid and significant dissolution. Interestingly, Ontario Lacus and Sikun Labyrinthus, two landforms compared with terrestrial karsto-evaporitic and karstic landforms (Malaska et al., 2010; Cornet et al., 2012) , are observed at latitudes greater than 70 • S, and no other well-developed dissolution-related landforms are seen at lower southern latitudes.
Therefore, if Titan's surface is composed of pure hydrocarbons, dissolution processes are likely to occur but the formation of a karstic-like landscapes would be roughly 30 times slower on Titan than on Earth due to Titan's seasonality in precipitation. Of course, this latter consideration depends on the actual composition of the surface, which is unlikely to be pure, and of the accuracy of the climate model used.
Case of a mixed surface layer
We now assume the presence of a surface layer, the composition of which is proportional to the accumulation rates at the surface (h i ) of solids coming from the atmosphere, calculated in the same way as Malaska et al. (2011) did:
where p i is the production rate of molecules (in molecules/m 2 /Eyr) listed in Table 1 , V S m,i is the molar volume of the solid (or subcooled liquid if the former is not known, in m 3 /mol) and N A is the Avogadro number ( 6.022 × 10 23 mol −1 ). The composition of the mixed organic layer is then determined as percentages (f i ) of each organic compound in the layer (so that f i = h i / i h i ). This method allows us to consider the volume occupied by each molecule, which is important especially for tholins because these contribute up to 20 % on average to the total production rates of molecules, but they build up to 50 % of the total thickness of the surface deposits due to their higher molar volumes compared to those of simple hydrocarbons or nitriles. We consider 3 cases for the surface composition: without tholins and with C 2 H 8 N 2 or C 11 H 11 N as tholins. Tholins production rate is that mentioned in Cabane et al. (1992) . Methane precipitation rates are those of Schneider et al. (2012) . The denudation rates for these mixed organic layers (DR mix ) are computed in a linear mixing model scheme where: Figure 7 gives the repartition of denudation as a function of latitude and photochemical models at the end of a Titan year. According to the IST, the denudation rate of all mixed layers would be on the order of a few cm to a few meters over a Titan year (salt-like layers). According to the RST, the organic layer originating from the Lavvas et al. (2008b) model would be the most soluble (dissolution rates of a few cm to a few dm per Titan year, salt-like layer). The organic layers originating from the other models would be more carbonate-like layers over a Titan year (dissolution rates of a few tens of µm to a few mm per Titan year), whether tholins are included or not. The lowest solubility of all mixed layers is reached using a Krasnopolsky (2009)-type composition. Over a Titan year, the likelihood of developing dissolution-related landforms is therefore non-negligible, even if the surface is not composed of pure soluble simple solids. These mixed organic layers would behave like carbonate or salty terrestrial layers over a Titan year.
6 Discussion: How old are Titan's karstic landscapes?
Despite the strong assumptions of the method described in Section 4 to infer timescales of formation of terrestrial karstic landforms (we consider only chemical erosion at equilibrium without significant climate changes over the past few MEyrs), the resulting ages are consistent with ages determined by relative or absolute chronology or constitute upper limits. Therefore, the determination of the age of the lacustrine depressions on Titan probably result in maximum timescales of development. Titan's climate is believed to have remained quite stable over the recent past, with a small periodic insolation variation of ±2 W/m 2 at the poles during the last MEyr, for the current low insolation at the North pole (Aharonson et al., 2009 ). This probably brings some stability to the calculations.
By applying our simple model, we compute the timescales needed to form a 100 m-deep depression by dissolution of a superficial mixed organic layer under the current climate conditions evaluated by Schneider et al. (2012) . These are shown in Table 3 and Figure  8 . We compute our formation timescales using both the IST and the RST since the solubility of polar molecules is not well constrained by the RST and could get closer to that computed using the IST. However, we consider timescales evaluated using the RST as our references since they present the most conservative values for the age of the lacustrine depressions.
Independent of the thermodynamic theory considered, Titan's lacustrine depressions would be young. Among all the compositions tested, the time needed to carve a 100 m-deep depression by dissolution under current climate conditions at latitudes poleward of 70 • would be between a few kEyrs (IST) and 56 MEyrs (RST). At 60 • N, a 100 mdeep depression would be created in 7.7 kEyrs (IST) to 104.6 MEyrs (RST) while the same depression would be created in 27.6 kEyrs (IST) to 375.1 MEyrs (RST) at 60 • S. This strong difference between the two hemispheres could explain why Titan's south polar regions are deprived of well developed lacustrine depressions compared to the North.
It should be noted that the hypothesized timescale difference between the northern and the southern low latitudes results from an extrapolation of Titan's current climate to the past. Aharonson et al. (2009) showed that Croll-Milankovich-like cycle with periods of 45 (and 270) kEyrs could exist on Titan, resulting in a N-S reversal in insolation and likely subsequent climate conditions. Over geological timescales, the N-S differences in denudation rates and timescales estimated at these latitudes could be smoothed by these cycles. However, as noted earlier, we made the same extrapolation for the Earth, whose climate dramatically changed over time, without obtaining unreasonable formation timescales.
In any case, all these timescales are consistent with the youth of Titan's surface as determined from: In summary, the morphology of Titan's lacustrine depressions suggests that dissolution occurs on Titan. The denudation rates of pure organic compounds and a mixed organic layer as compared to those of soluble minerals on Earth also supports this hypothesis. The timescales needed to dissolve various amounts of material as compared to the timescales of development of karstic landforms on Earth are also quite consistent in the sense that karstic landscapes are usually relatively young landscapes. Finally, the latitudinal repartition of denudation rates and timescales of dissolution is consistent with the latitudinal repartition of the possible dissolution-related landforms at the surface of Titan. The surface dissolution scenario for the origin of Titan's lakes appears very likely and Titan's lakes could be among the youngest features of the moon.
Conclusion
Titan's lakes result from the filling of topographic depressions by surface or subsurface liquids. Their morphology led to analogies with terrestrial landforms of various origins (volcanic, thermokarstic, karstic, evaporitic or karsto-evaporitic). The karstic/karstoevaporitic dissolution scenario seems to be the most relevant, given the nature of surface materials on Titan and its climate. We constrained the timescales needed for the formation of Titan's depressions by dissolution, on the basis of the current knowledge on the development of terrestrial karsts.
We computed solutional denudation rates from the theory developed by White (1984) . This simple theory needs three parameters: the solubilities and the densities of solids and liquids at a given temperature and a climatic parameter linked to the net precipitation rates onto the surface. We computed the solubilities of terrestrial minerals in liquid water at 25 • C and tested the model by computing the denudation rates and timescales of formation of several terrestrial examples of karstic landforms.
We then applied the same model to Titan. We computed the solubilities of Titan's surface organic compounds in pure liquid methane, ethane and propane at 91.5 K using different thermodynamic theories. We evaluated the molar volumes of liquid and solid Titan's surface compounds at 91.5 K and we used the results of the recent GCM of Schneider et al. (2012) as input for the precipitation rates of methane on Titan, which allowed us to compute denudation rates at several latitudes. Denudation rates have then been computed for pure organic compounds at Earth and Titan timescales and have been compared to those determined for soluble minerals on Earth. We also computed denudation rates for three different compositions of the surface organic layer. Over one Titan year, these mixed layers of organic compounds behave like terrestrial salts or carbonates, which indicates their high susceptibility to dissolution, though these processes would be 30 times slower on Titan than on Earth due to the seasonality (rainfall occurs only during Titan's summer).
We computed theoretical timescales for the formation of 100 m-deep depressions in mixed organic layers under present climatic conditions. As with dissolution landforms on Earth, Titan's depressions would be young. At high polar latitudes, we found that the timescales of development for depressions are relatively short (on the order of 50 MEyrs at maximum to carve 100 m) and consistent with the young age of Titan's surface. These timescales are consistent with the existence of numerous lacustrine depressions and dissected landscapes at these latitudes. At southern low latitudes, the computed timescales are as long as 375 MEyrs due to the low precipitation rates. This low propensity to develop depressions by dissolution is consistent with their relative absence/bare formation at low latitudes. Over geological timescales greater than those of Titan's Croll-Milankovitch cycles (45 and 270 kEyrs), this difference would probably be strongly attenuated. However, climate model predictions are not presently available over geologic timescales, and the present-day seasonal climate variations are the best that can be currently constrained.
The results of these simple calculations are consistent with the hypothesis that Titan's depressions most likely originate from surface dissolution. Theoretical timescales for the formation of these landforms are consistent with the other age estimates of Titan's surface. Future works could include the effects of rain in equilibrium with the nitrogen, ethane and propane atmospheric gases in the raindrop composition (e.g. Graves et al. (2008) or Glein and Shock (2013) ). Experimental constraints on the solubility of gases and solids in liquids thanks to recent technical developments for Titan experiments (Luspay-Kuti et al., 2012 Malaska and Hodyss, 2014; Chevrier et al., 2014; Leitner et al., 2014; Singh et al., 2014) would also be of extreme importance for such work. Finally, the influence of other landshaping mechanisms such as collapse or subsurface fluid flows, which play a significant role in the development of some karstic landforms on Earth, could also be implemented.
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A List of compound names for Titan
The physical and thermodynamic parameters needed to compute solubilities are given in Table 4 . Ideal and non-ideal electrolyte theories are considered. We also consider the acid dissolution of carbonate minerals.
B.1.1 Pure dissociation of minerals: halite, anhydrite and gypsum
For a given chemical reaction implying A and B and producing C and D, with their respective stoichiometric numbers a, b, c and d, the law of mass action gives:
where one can define a thermodynamical equilibrium constant (or thermodynamic solubility product) for the reaction K eq (often written pK eq , with pK eq = − log K eq ), so that:
where (i) denotes the activity of the ith compound, being the product of an activity coefficient Γ i and a molality m i (in mol/kg of solvent). For liquids and solids reacting together (or being produced) during a congruent dissolution reaction, the activity is set to unity. The equilibrium constant can be derived from thermodynamics at standard state (T = 25 • C and P = 1 atm) using the Gibbs-Helmholtz equation:
where ∆ r G • is the standard Gibbs free energy of reaction (in J/mol), calculated using the Hess' law:
with ∆ f G • being the standard Gibbs free energy of formation of each species (in J/mol) and n their stoichiometric numbers. Following the same principle, we compute the standard enthalpy of reaction ∆ r H • (J/mol) from the individual enthalpies of formation ∆ f H • (in J/mol). The standard enthalpy of reaction is then used to compute the equilibrium constants at temperatures that differ from standard conditions using the Van't Hoff equation (Langmuir , 1997) as follows:
where K T 1 and K T 2 are the equilibrium constant of a given chemical reaction at two different temperatures T 1 and T 2 (in K) (the subscript 1 is used to indicate the reference state, 25 • C in this case). Table 5 gathers the thermodynamic parameters for all the considered dissolution reactions. It also displays each equilibrium constant equation for common terrestrial minerals.
B.1.2 Acid dissolution of carbonates: calcite and dolomite
For calcium and magnesium carbonates, a set of reactions happens, not only involving the mineral dissociation itself (K cd or K dd ), but also including the carbon dioxide gas dissolution in water (K CO 2 ), which produces carbonic acid that acidifies water. Then, carbonic acid rapidly dissociates into bicarbonate ions (K 1 ), which are also created by the association of protons H + and carbonate ions (K 2 ). The thermodynamic properties of these intermediate reactions to the dissolution of calcite and dolomite are summarized in Table 5 . The activity of carbon dioxide is approximately equal to its partial pressure (P CO 2 , see Langmuir (1997) and Ford and Williams (2007) ) so that, for calcite acid dissolution, one can write:
and for dolomite acid dissolution:
Assuming a given partial pressure of carbon dioxide, one can compute the activity, molality and mole fraction at saturation of calcite and dolomite in water. The molality of CO 2 in the system is calculated thanks to the Henry law (m CO 2 = k H (T ) P CO 2 , K H (T ) being Henry's law constant, varying with temperature). We performed the calculations for 3 values of P CO 2 at 25 • C: P CO 2 = 0.33 matm, which represents the normal dry air (Langmuir , 1997 ) that could be quite analogous to atmospheric conditions in arid/semiarid areas, and P CO 2 = 0.01−0.11 atm, which represents values encountered in more humid areas such as under equatorial/tropical climates (Ford and Williams, 2007; Fleurant et al., 2008) .
B.1.3 Activity coefficients for electrolyte solutions
We infer the molalities m i and activities (i) of ions in solution from K eq at different temperatures under an Ideal (IST, Γ i = 1) and a non-ideal Electrolyte (EST, Γ i = 1) Solution Theory. For the EST, the activity coefficients Γ i are calculated by iteration using the extended Debye-Hückel equation as modified by Truesdell and Jones (1974) :
where I is the molal ionic strength of the solution, defined as follows:
z i is the charge of i, a i and b i are the 2 parameters of the Truesdell and Jones (1974) equation (a modified hydrated radius, inÅ, and a purely empirical parameter respectively). A and B are two variables depending on the temperature T (in • C), defined as follows (Ford and Williams, 2007) :
Results from these calculations are given in Table 6 . The calculation of activity coefficients has a relatively minor impact in the change of molality for carbonates, while a clear difference can be seen for salts (anhydrite and gypsum). The presence of CO 2 in the carbonate-water system greatly increases the amount of dissolved carbonates, until reaching solubilities roughly similar to those of gypsum and anhydrite. The EST molalities has been used for all minerals except for halite, which possesses a ionic strength too strong to be computed using our Debye-Hückel equation.
B.2 Solubility of Titan's solids
The solubility of Titan's solids in pure liquid hydrocarbons is calculated according to the Van't Hoff equation:
where Γ i is the activity coefficient of the solute, X i,sat its mole fraction at saturation, ∆ m H • i its enthalpy of melting (in J/mol) evaluated at T m,i , its melting temperature (in K), which differs from the temperature of the solution T (K). R is the ideal gas constant. Melting properties of Titan compounds are given in Table 7 .
We consider the case of the Ideal Solutions Theory (IST), for which X i,sat is calculated by assuming Γ i = 1 (all the molecules share the same affinity with each other), and the case of the Regular Solutions Theory (RST) of Preston and Prausnitz (1970) for which Γ i = 1 (molecules have preferential affinity with one or the other). The latter approach has already been used in several publications dealing with the lakes and seas composition (Raulin, 1987; Dubouloz et al., 1989; Cordier et al., 2009 Cordier et al., , 2013b .
The RST requires to compute Γ i 's. Assuming the subscripts 1 for the solvent and 2 for the solute, the RST gives:
where V L m,2 is the subcooled liquid molar volume of the solute (in m 3 /mol), l 12 is the empirical interaction parameter between the solvent and the solute taken from various sources (e.g. Preston and Prausnitz (1970) and Szczepaniec-Cieciak et al. (1978) ), φ 1 is the volume fraction of the liquid, computed as follows:
and δ 1 and δ 2 are the Hildebrand solubility parameters of the solvent and the solute respectively (in (J/m 3 ) 1/2 computed from their enthalpy of vaporization ∆ v H i (J/mol), as follows:
where ∆ v H i is taken in the literature at the boiling point temperature T b (Table 7) for each compound and extrapolated down to lower temperatures using the Watson equation (Poling et al., 2007) :
The solubilities are given for a wide range of temperatures in Figures 9 (non-polar molecules) and 10 (polar molecules), ontop of which we also reported experimental data points gathered from the literature, fitted by an empirical power law (R 2 > 0.98) in order to extrapolate the experimental values at low temperatures for comparison.
The IST hypothesis provides a first estimate of the solubility, as seen in Figures 9 and 10. It does not consider the different behavior of the solutes in the different solvents, but presents the advantage of not depending on approximate calculations of the activity coefficients of each species. According to this theory, all simple hydrocarbons would thus be rather solubles at low temperatures, the least soluble being nitriles and C 6 H 6 .
The RST hypothesis provides a second estimate and shows that solids are less soluble in methane than in ethane and propane. Whatever the liquid, simple nitriles generally show an increase in solubility with a higher number of C atoms in their carbon chain. C 2 H 4 , C 4 H 10 and C 2 H 2 are the most soluble compounds again, joined by C 4 H 4 , C 4 H 6 , CO 2 , C 3 H 4 and finally C 6 H 6 . Nitriles are the least soluble compounds. At cryogenic temperatures (< 100 K), the simulated solubilities are in good agreement with the power fits of experimental data (with the exception of n-butane, which shows a higher solubility in experiments). It is also worth noting that recent solubility experiments of benzene in liquid ethane have been performed at 94 K by Malaska and Hodyss (2014) . The X i,sat for benzene in ethane they determined experimentally (1.11 ± 0.09 × 10 −5 ) is also quite close to our theoretical value computed using the RST at 94 K (4.42 × 10 −5 ), though slightly lower. This difference is probably due to the dissolution of nitrogen into liquid ethane during the experiment, which tends to lower the solubility of benzene. Benzene also reached saturation so quickly in liquid ethane (in less than 2h) (Malaska and Hodyss, 2014) , compared to the timescales considered in the present work, that dissolution can be assumed instantaneous. Finally, as expected, the solubility of water ice is unconstrained given the considerable range between IST and RST estimates (about a factor 10 17 ), but is probably low.
Solubilities calculated using the IST and RST are also given at 91.5 K in Table 8 along with those gathered from our empirical fits of experimental data and the literature. The fits of experimental data are quite consistent with our RST values. Previous studies document the solubility of pure solids in liquid mixtures in equilibrium with the atmosphere (thus composed of methane, ethane, propane and/or nitrogen) at various temperatures. Direct comparisons are therefore tentative, since the liquid composition, temperatures and the thermodynamic parameters sources are heterogeneous. Nitrogen tends to decrease the solubility of solids in liquids while ethane and propane tend to increase it. It should be noted that the solubility of hydrocarbons is quite in agreement between our study and others (Raulin, 1987; Dubouloz et al., 1989; Glein and Shock , 2013) but the solubility of nitriles appears lower in our simulations than in previous ones (Raulin, 1987; Dubouloz et al., 1989; Cordier et al., 2013a) , for which they lie between our IST and RST estimates.
C Molar volumes of solvents and solutes
If the density of a compound at a given temperature (T ) is known from experimental data, it is straightforward to derive its molar volume V m,i (T ), as follows:
This is the case for water ice (Loerting et al., 2011) and minerals (Lide, 2010) . However, experimentally determined densities for solids and liquids at the very low temperatures relevant to Titan are rather rare. We describe two complimentary techniques to evaluate the molar volumes of solids and liquids.
C.1 Subcooled liquid molar volumes
We first evaluate molar volumes at a given temperature T using the Rackett equation (Spencer and Danner , 1972; Poling et al., 2007) . This method is designed to estimate the saturated subcooled liquid molar volumes of pure hydrocarbons and organic solvents
R is the ideal gas constant (= 8.3144621 J/mol/K), T c and P c are the critical temperature (in K) and pressure (in Pa or J/m 3 ) respectively, Z c is the critical compressibility factor, similar to the Rackett parameter (Z RA = 0.29056 − 0.08775ω, ω being the accentric factor, see Poling et al. (2007) for more details) and T r the reduced temperature (T r,i = T /T c,i ). All these parameters are given in Table 9 . An alternative form of this equation is given by:
We investigated uncertainties in the molar volumes computed using the Rackett equations (23 and 24), with the two different parameters (Z RA , taken from database or computed using the accentric factor, and Z c , computed from the ideal gas equation at the critical point). The results are reported in Table 10 and Figures 11 (liquids) , 12 (nonpolar solids) and 13 (polar solids). Differences in molar volumes are only significant for nitriles, going up to 2σ < 24 cm 3 /mol for propionitrile. To reduce possible over or underestimates for nitriles molar volumes and solubilities, we use Equation 24 with Z RA , which is our "intermediate" case and also the most accurate estimates of V L m,i (Poling et al., 2007) .
C.2 Titan's solids molar volumes
The solid molar volumes were determined from crystal structures available in the literature (Dulmage and Lipscomb, 1951; Dietrich et al., 1975; Simon and Peters, 1980; Refson and Pawley, 1986; Antson et al., 1987; Etters and Kuchta, 1989; McMullan et al., 1992; Craven et al., 1993) . The CH 3 CN, HCN, C 4 H 10 and C 2 H 2 have a temperature dependent polymorphism. For each of these compounds, the selected crystal structure corresponds to the one observed at the temperature of Titan's surface (i.e. 90 -95 K). Except for CH 3 CN, the cell volume was experimentally determined for different temperatures. A second order polynomial was used to fit the cell volume as a function of the temperature to extrapolate them at Titan's temperatures (90 -95 K) .
Since the pressure on Titan (around 1.5 bar) is not the same as on Earth (1 bar) where the crystal cell volume were determined, we checked the influence pressure on molar volumes by calculations based on the Density Functional Theory (DFT) using the VASP 5.3 package. Cell volumes of each compound were optimized using vdW-DF2 (Lee et al., 2010; Klimeš et al., 2011) functional involving a non-local kernel for the electronic correlation energy calculation. This functional allows to reproduce dispersion interactions (such as Van der Waals interactions) which are major inter-molecular interaction encountered in molecular crystals. The E ncut value, defining the basis set size, was fixed to 800 eV in order to suppress Pulay's stress. The k-points sampling was done with a 12 × 12 × 12 Monkhorst-Pack grid. The core electrons were described with the projector-augmented plane wave (PAW) approach. Calculations were performed with and without static pressure (set to 100 bar) to compare cell volumes. The larger variation was observed for C 4 H 10 , with a volume decrease of 0.44 % upon pressure. This is reasonably low to conclude that cell volumes measured on Earth (P=1 bar) should be very similar to the ones on Titan (P=1.5 bar).
We reported on Figures 12 and 13 the predicted crystalline molar volumes ontop of the experimental and Rackett values (individual values also given in Table 11 ). Overall, we get a quite good agreement between all these estimates. We estimate the solid molar volumes at 91.5 K using a simple empirical linear fit between experimental and predicted points. The Rackett method is used to give an approximate molar volume for the solids for which we do not have experimental data. (Brew , 1977; Kuebler and McKinley, 1975) , C 2 H 2 (Neumann and Mann, 1969) , C 4 H 6 (Preston et al., 1971 ), C 6 H 6 (von Szalghary, 1972 Luks et al., 1981; Kuebler and McKinley, 1995; Malaska and Hodyss, 2014) and CO 2 (Clark and Din, 1953; Davis et al., 1962; Cheung and Zander , 1968; Preston et al., 1971) Table 1 : Production rates (in molecules/cm 2 /s) of simple solid organics in Titan's atmosphere derived from several photochemical models. Not reported here is the production rate of tholins, estimated by Cabane et al. (1992) , Rannou et al. (2003) and Krasnopolsky (2009) to be between 0.2 and 7 kg/cm 2 /GEyr (Giga Earth year). The list of compound names is available in Appendix A. Y84 : Yung et al. (1984 ), T95: Toublanc et al. (1995 ), L96: Lara et al. (1996 (Dulmage and Lipscomb, 1951) , CH 3 CN (Barrow , 1981; Antson et al., 1987) and H 2 O (Loerting et al., 2011) . Table 4 : Thermodynamic and physical parameters of minerals, water and ions considered in the dissolution reactions, collected from the literature (Lide, 2010; Langmuir , 1997; Ford and Williams, 2007; Brezonik and Arnold , 2011; White, 2013) . (Langmuir , 1997) while P CO 2 = 0.01 atm more refers to tropical climate environments , which actually could even reach considerable CO 2 content in the soils of up to P CO 2 = 0.11 atm (Ford and Williams, 2007) . Yaws (1996) . The melting properties of C 11 H 11 N have been taken in Chirico et al. (2007) . Table 9 : Critical properties of Titanian materials (Lide, 2010 
